Abstract: This study aimed to compare common histologic markers at the invasive front of colon adenocarcinoma in terms of prognostic accuracy and interobserver agreement. Consecutive patients who underwent curative resection for stages I to III colon adenocarcinoma at a single institution in 2007 to 2014 were identified. Poorly differentiated clusters (PDCs), tumor budding, perineural invasion, desmoplastic reaction, and Crohnlike lymphoid reaction at the invasive front, as well as the World Health Organization (WHO) grade of the entire tumor, were analyzed. Prognostic accuracies for recurrence-free survival (RFS) were compared, and interobserver agreement among 3 pathologists was assessed. The study cohort consisted of 851 patients. Although all the histologic markers except WHO grade were significantly associated with RFS (PDCs, tumor budding, perineural invasion, and desmoplastic reaction: P < 0.001; Crohn-like lymphoid reaction: P = 0.021), PDCs (grade 1 [G1]: n = 581; G2: n = 145; G3: n = 125) showed the largest separation of 3-year RFS in the full cohort (G1: 94.1%; G3: 63.7%; hazard ratio [HR], 6.39; 95% confidence interval [CI], 4.11-9.95; P < 0.001), stage II patients (G1: 94.0%; G3: 67.3%; HR, 4.15; 95% CI, 1.96-8.82; P < 0.001), and stage III patients (G1: 89.0%; G3: 59.4%; HR, 4.50; 95% CI, 2.41-8.41; P < 0.001). PDCs had the highest prognostic accuracy for RFS with the concordance probability estimate of 0.642, whereas WHO grade had the lowest. Interobserver agreement was the highest for PDCs, with a weighted kappa of 0.824. The risk of recurrence over time peaked earlier for worse PDCs grade. Our findings indicate that PDCs are the best invasive-front histologic marker in terms of prognostic accuracy and interobserver agreement. PDCs may replace WHO grade as a prognostic indicator.
T he TNM staging system of the American Joint Committee on Cancer and the Union for International Cancer Control (UICC) remains the most widely used prognostic indicator for patients with colon cancer. 1 However, recurrence and survival vary widely within each stage grouping. 2 The American Joint Committee on Cancer lists histologic markers to help stratify recurrence risk including histologic type, histologic grade, lymphovascular invasion, perineural invasion (PN), tumor deposits, extramural venous invasion, and tumor configuration. 1 Tumor heterogeneity, including areas of necrosis, however, often limits the standard evaluation of these histologic markers.
In recent years, histologic patterns at the invasive front have been correlated with tumor behavior and oncologic outcome. [3] [4] [5] The invasive front represents a dynamic interaction of tumor and host, with cellular dedifferentiation and single and clustered cells advancing and interacting with the host immune system. 4, 5 Tumor budding (TB), which is defined as single cancer cells or clusters comprising <5 cancer cells [6] [7] [8] and represents the dynamic process of epithelial-mesenchymal transition (EMT), is listed among poor-prognosis indicators by the European Society of Medical Oncology 9 and the UICC. 10, 11 Another feature of EMT, poorly differentiated clusters (PDCs) of > 5 cells (which have been investigated mainly in Japan 3, 4, 12 and Italy [13] [14] [15] ), are reportedly a more accurate prognostic indicator than TB. Desmoplastic reaction (DR), which is the cancer-associated response of fibroblasts at the invasive front and which is critical to EMT, [16] [17] [18] is strongly associated with prognosis. 19 PN, which refers to the spread of cancer around a nerve, is a commonly used prognostic feature listed by European Society of Medical Oncology 9 and UICC 10, 11 and included in a widely validated nomogram for predicting colon cancer recurrence. 2 Crohn-like lymphoid reaction (CLR), an enhanced host immune response at the invasive front, 20 is associated with better prognosis regardless of microsatellite instability status or TNM stage. 21 Although these histologic markers have been studied individually, only limited analyses have compared these markers to identify those with the highest prognostic accuracy in predicting cancer recurrence and those with the highest diagnostic agreement among pathologists. Previous studies on these markers had limitations such as cohort heterogeneity and outdated chemotherapy regimens. Many were conducted in Japan and Italy, where the methods of processing pathologic specimens, preoperative staging, follow-up protocols, and recurrence rates differ from those in the United States. Our study was aimed at determining which markers are the most clinically useful in terms of prognostic accuracy and diagnostic agreement among pathologists. We analyzed data from a large cohort of patients with stages I to III colon adenocarcinoma treated by a multidisciplinary team including dedicated colorectal cancer surgeons at a comprehensive cancer center.
MATERIALS AND METHODS

Study Design and Patient Cohort
The study was approved by the Institutional Review Board of Memorial Sloan Kettering Cancer Center. Clinicopathologic factors were collected from a prospectively maintained database at Memorial Sloan Kettering and data manually reviewed from an electronic medical record. The study cohort included consecutive patients who underwent curative colon (including rectosigmoid colon) resection for stages I, II, or III adenocarcinoma from January 2007 through December 2014 (n = 1596). The exclusion criteria were history of treatment for malignancies other than colon cancer within the last 5 years (n = 134), rectal cancer within 12 cm of the anal verge (n = 196), appendiceal cancer (n = 30), Tis or adenoma (n = 25), other benign disease (n = 8), preoperative chemotherapy or radiotherapy for colon cancer (n = 17), noncurative palliative resection (n = 2), stage IV disease at surgery (n = 63), nonprimary recurrent or metastatic cancer (n = 26), and unavailability of hematoxylin and eosinstained slides (n = 244).
Histologic Evaluation
All specimens were processed according to an institutional protocol concordant with the recommendations of the College of American Pathologists. 22 Specimens were grossed by designated gross room assistants and reviewed by specialized gastrointestinal pathologists. There were no significant changes in how the specimens were processed during the study period. All available hematoxylin and eosin-stained slides that included full-thickness sections of the tumor encompassing the deepest portion of the invasive front (mean, 5 tumor slides per patient; range, 1 to 13 slides per patient) were reviewed. This review was conducted by a Japanese pathologist (Y.S.) with expertise on histologic features at the invasive front, 3, [23] [24] [25] [26] for consistency with previously described diagnostic criteria. The pathologist was blinded to clinical outcomes. A BX51 microscope (Olympus, Tokyo, Japan) with a standard 22-mm diameter eyepiece (specimen area of 0.950 mm 2 under an objective lens with a magnification of ×20) was used. 27 For assessing interobserver agreement among pathologists on each of the pathologic parameters, a random sample of 50 patients was selected irrespective of specific histologic features as described previously 3 All histologic markers were assessed as described previously. 3 Briefly, all histologic markers were assessed using longitudinal sections of the whole tumor including its deepest part. PDCs were defined as clusters of ≥ 5 cancer cells that lacked a gland-like structure. The whole tumor was first scanned at low-power magnification to identify areas with the greatest number of PDCs, generally at the invasive front. The number of PDCs in a single field of highest activity was then determined and graded as G1 (< 5 clusters), G2 (5 to 9 clusters), or G3 ( ≥ 10 clusters) under an objective lens with a magnification of ×20 (Fig. 1A) . TB was defined as a single cancer cell or a cluster of <5 cancer cells at the invasive front and was graded as G1 (< 5 buds), G2 (5 to 9 buds), or G3 ( ≥ 10 buds) on the basis of the highest number of buds observed under an objective lens with a magnification of ×20 (Fig. 1B) . 6, 28 PN was defined as a histologic finding of tumor cells invading into or spreading along nerve fascicles and was classified as intramural, extramural, or absent 29 (Fig. 1C) . CLR was defined as nodular lymphoid aggregates of 1 mm or larger at the tumor periphery and was classified as present or absent 20 (Fig. 1D) . DR was evaluated in the reactive fibrous zone at the invasive front for T3/4 tumors only, as described previously, 19 and was classified as mature (fibrotic stroma composed of fine mature collagen fibers stratified into multilayers without presence of keloid-like or myxoid stroma), intermediate (keloid-like collagens intermingled with mature stroma), or immature (amorphous intermixed myxoid stroma) (Fig. 1E ). When a mixture of different types of desmoplastic stroma was present, DR was classified based on the area with the most immature stroma as described previously. 19 The following conventional histologic markers were also investigated: World Health Organization (WHO) tumor grade (for the entire tumor), lymphovascular invasion, tumor-infiltrating lymphocytes (TILs), and peritumoral lymphocytes. Lymphocytes located within the boundaries of tumor cell nests or glands were categorized as TILs 21, 30 and were counted in 5 consecutive high-power microscopic fields within the area of the highest lymphocyte infiltration. Lymphocytes that were outside the boundaries were categorized as peritumoral, 31 and those that were readily identifiable in the peritumoral tissue at scanning power were counted. Apoptotic bodies were excluded. WHO tumor grade was based on the proportion of gland formation and categorized as grade 1 (well differentiated, > 95%), grade 2 (moderately differentiated, 50% to 95%), or grade 3 (poorly differentiated, 0% to 49%). 32 In mucinous carcinoma, WHO grade was assessed in the area outside the mucinous component. In signet ring cell carcinoma, the areas with signet ring cells were categorized as lacking gland formation. For testing mismatch repair (MMR) protein deficiency, immunohistochemistry was performed by the Memorial Sloan Kettering Department of Pathology, using the standard streptavidin-biotinperoxidase procedure. Primary monoclonal antibodies against MLH1 (clone G168-728, diluted 1:250; PharMingen), MSH2 (clone FE11, diluted 1:50; Oncogene Research Products), MSH6 (clone GRBP.P1/2.D4, diluted 1:200; Serotec Inc.), and PMS2 (clone A16-4, diluted 1:200; BD PharMingen) were used. Specialized pathologists interpreted all immunohistochemistry results. MMR testing was performed selectively in this data set (n = 445), and therefore, MMR was not included in prognostic analyses.
Staging and Surveillance Protocol
Preoperative staging included contrast-enhanced computed tomography of the chest, abdomen, and pelvis and colonoscopy. Adjuvant chemotherapy was recommended for patients with stage III or high-risk stage II disease after histologic evaluation of the surgical specimen as recommended in the guidelines of the National Comprehensive Cancer Network. 33, 34 The general practice for postoperative surveillance of stages I to III colon cancer at Memorial Sloan Kettering was in accordance with the National Comprehensive Cancer Network guidelines. 34, 35 Radiographic imaging reports were reviewed, and definitive diagnoses of recurrence were established based on the appearance of new lesions on computed tomography, magnetic resonance, and/or positron emission tomography images and/or biopsy-based histologic confirmation of recurrence. Right colon was defined as consisting of the cecum and the ascending and transverse colon. Left colon was defined as consisting of the descending, sigmoid, and rectosigmoid colon.
Statistical Analysis
The primary outcome was recurrence-free survival (RFS) following surgical resection. Patients were monitored from the date of surgery until recurrence, death, or last follow-up. RFS was estimated using the KaplanMeier method. Patients who died or had a recurrence during the study period represented events in the analysis. Patients who were alive without recurrence at last followup were censored.
Each pathologic parameter was assessed for association with RFS using the log-rank test. Hazard ratios (HR) along with 95% confidence intervals (CI) and Akaike information criterion (AIC) model fit statistics were estimated using Cox proportional hazards regression modeling, with a lower AIC indicating a better fit of the data. The prognostic accuracy of each pathologic parameter in predicting recurrence or death was assessed using the concordance probability estimate (CPE) for proportional hazards regression. 36 The CPE can range from 0 to 1, with 1 indicating that for any 2 randomly selected patients, the parameter predictions are perfectly concordant with the observed outcomes, 0 indicating that they are perfectly discordant, and 0.5 indicating that the parameter's prognostic accuracy is no better than random chance. The hazard function of recurrence or death was plotted using the kernel-smoothing method. 37, 38 The AIC, CPE, and hazard function of recurrence or death were calculated for the entire cohort including all disease stages and were based on assessment by a single pathologist. For evaluation of agreement between pathologists on each of the pathologic parameters, the overall weighted kappa was calculated as the mean of the pairwise Fleiss-Cohen weighted kappas 39 based on Light's method. 40, 41 Continuous variables were compared using the MannWhitney U test. Categorical variables were compared using the χ 2 test. All statistical analyses were performed using JMP version 10.1.2 software (SAS Institute Inc., Cary, NC), SAS version 9.4 (SAS Institute Inc.), or R version 3.2.4 (www.R-project.org). All tests were 2-sided, and P-values <0.05 were considered significant.
RESULTS
The study cohort consisted of 851 patients with a median age of 66 years (range, 25 to 99 y), and median follow-up was 36 months. Descriptive statistics for the patient cohort are listed in Table S1 (Supplemental Digital Content 1, http://links.lww.com/PAS/A609). A total of 90 patients (10.6%) had recurrence, and 39 patients (4.6%) had died before the last follow-up; there were 106 RFS events in the analysis. The 3-year RFS rate for all patients was 86.6% (95% CI, 83.7%-89.0%). Table 1 lists the results of univariate analyses of patient and tumor characteristics for each histologic marker. In general, the invasive-front markers were all associated with advanced disease stage and poor clinicopathologic features. The markers were also associated with higher TILs, peritumoral lymphocytes, and MMR protein deficiency and were strongly correlated with each other (Table S2 in Supplemental Digital Content 2, http://links.lww.com/PAS/A610). Figure 2 shows the probabilities of 3-year RFS based on marker grade. All the markers examined were significantly associated with RFS. The largest difference in 3-year RFS between the best and worst grades of a marker was in PDCs (30.4% difference; HR, 6.39; 95% CI, 4.11-9.95; P < 0.0001), and the smallest was in CLR (8.6% difference; HR, 1.86; 95% CI, 1.09-3.16; P = 0.02). PDCs, TB, and PN were associated with RFS in both stages II and III patients, whereas DR and CLR were prognostic only in stage III (Table 2) . Again, PDCs grades were (Table S3 in Table 2) .
The smoothed graph of the hazard function over time for PDCs, TB, PN, and DR demonstrates that the risk of recurrence or death was higher for worse-grade tumors (Fig. 3) . The risk of recurrence or death associated with PDCs peaked earlier for G3 (7.2 mo) than for G2 (18.6 mo) (G1 had no peak). The risk for G3 TB was higher than for G1 and G2 but peaked close in time to G2 (5.7 and 8.9 mo, respectively). The risk associated with extramural PN was higher but peaked later than the risk associated with intramural PN (22.1 and 14.2 mo, respectively) . Likewise, the risk associated with immature DR was higher but peaked later than the risk associated with intermediate DR (14.3 and 10.6 mo, respectively) . Table 3 lists the data on interobserver agreement. The PDCs kappa value for interobserver agreement was 0.824, indicating excellent agreement, whereas kappa values for the other markers ranged from 0.464 to 0.696, indicating fair to good agreement. 42 
DISCUSSION
All invasive-front markers examined were associated with tumor recurrence and had better prognostic accuracy for recurrence than WHO grade (which is a broad measure of the entire tumor excluding the invasive front). The prognostic value of these markers stems from the dynamic nature of the invasive front, with tumor cells undergoing EMT and interacting with the host immune system as they advance. 43 PDCs grade had the highest accuracy in predicting RFS, with the highest interobserver agreement among pathologists. Our findings indicate that PDCs are clinically more useful in predicting recurrence than the other invasive-front histologic markers. In contrast, WHO grade performed poorly as a prognostic marker and had poor interobserver agreement between pathologists. The results of our study suggest that using the grade of PDCs at the invasive front instead of WHO grade of the entire tumor can help identify patients with a high risk of recurrence more accurately. Furthermore, the excellent interobserver agreement on PDCs grade among Japanese and American pathologists suggests that PDCs assessment should be considered for introduction into clinical practice by US pathologists.
Accurate prediction of outcome in colon cancer patients has many advantages, such as individualization of postoperative surveillance. We found that the risk of recurrence not only was higher but peaked earlier for highgrade PDCs: at 7.2 months for G3 and at 18.6 months for G2. Clinical guidelines for stages II to III colon cancer recommend surveillance every 3 to 6 months after surgery for 2 to 3 years and then every 6 months for a total of 5 years. 34, 35 Our findings indicate that closer surveillance may be needed in the first year in patients with G3 PDCs.
Current clinical guidelines recommend adjuvant chemotherapy for high-risk stage II colon cancer with histologic features associated with poor prognosis. 33, 34 In the current study, different PDCs, TB, and PN grades were associated with different outcomes in stage II colon As for direct markers of immune response, a recent large study found that CLR and TILs were strongly associated with improved prognosis regardless of the status of microsatellite instability or TNM stage. 21 Another study indicated that combining CD8 + lymphocytes with TB improved prognostic accuracy. 47 However, the standard methods for quantifying CLR and TILs are pathologist-dependent and labor-intensive. To minimize the subjectivity of assessment, we applied Ueno et al's 20 validated criteria for assessing CLR, which are based on presence of active lymphoid aggregate ≥ 1 mm. 20, 48 However, CLR had the poorest prognostic accuracy among the invasive-front histologic markers examined. Although host immune response does have promise as a prognostic marker, further refining of the diagnostic criteria is needed before clinical use.
Although PDCs and TB are distinguished by being defined as ≥ 5 and <5 cancer cells, respectively, the 2 markers likely belong in the same spectrum of dedifferentiated biological features. Because of their larger size, PDCs likely require less time and effort to identify, and in our study interobserver agreement was higher for PDCs than for TB. We also found that PDC grade and TB grade were strongly correlated (Table S2 in Supplemental Digital Content 2, http://links.lww.com/PAS/A610). This finding suggests that PDCs and TB could potentially be combined as a novel dedifferentiation marker at the invasive front. Further investigation is warranted to determine whether combining PDCs and TB would improve prognostic accuracy and interobserver agreement.
The strengths of our study include the large size of the cohort of patients with stages I to III colon adenocarcinomas resected at a high-volume comprehensive cancer center by dedicated colorectal surgeons using uniform technique. Other strengths were the comprehensive histologic assessment by specialized pathologists, the availability of detailed clinicopathologic information, and the use of the latest, highly effective chemotherapy. However, the study was subject to the potential selection bias inherent in observational retrospective studies and the potential selection bias associated with the use of a random subsample of 50 patients instead of the whole cohort. Because the study was conducted at a single, high-volume center, the generalizability of the results may be restricted to such specialized centers. Our results therefore need to be validated in an external data set, using the ocular normalization factors of Lugli et al 27 to ensure reproducibility (which is essential for PDCs to have clinical significance). In addition, CLR grading was 2-tiered, and DR was applicable only for T3/4 tumors, making the CPE, AIC, and kappa for these markers not directly comparable to those of the other markers.
Our identification of PDCs as the best prognostic marker in terms of accuracy and interobserver agreement among the invasive-front histologic markers examined does not negate the clinical value of the other histologic markers, particularly in combination with PDCs. As all the markers are relatively new, we expect further improvement in interobserver agreement and prognostic accuracy. Future confirmatory investigations are warranted to determine whether PDCs can replace WHO grade and whether PDCs should be incorporated in staging systems or guidelines as an indicator of high risk in colon cancer.
